Background: Heart rate variability (HRV) and baroreflex sensitivity (BRS) measurements provide means for the objective assessment of cardiovascular autonomic function. As previous studies have associated chronic pain with abnormal autonomic function, we aimed to characterize the relationship between the number of musculoskeletal pain sites (NPS), pain intensity, and cardiovascular autonomic function among the population-based Northern Finland Birth Cohort 1966. Results: Linear regression models showed varying associations between NPS, pain intensity, and cardiovascular autonomic parameters. However, after all adjustments NPS was only associated with one outcome among women (BRS, standing: beta = − 0.015, p = 0.048) and two among men (HR, seated: beta = − 0.902, p = 0.003; HR, standing: beta = − 0.843, p = 0.014). Pain intensity was not associated with any outcome after full adjustments. Significant sex*pain interactions were found in the data. Conclusions: Our data suggest that musculoskeletal pain has, at most, a limited independent association with cardiovascular autonomic function. Future studies should carefully account for the potential confounders and sex interactions that this study revealed.
Background
The sensation of pain, mediated by the peripheral and central nervous system to the cerebral cortex where it is ultimately perceived, serves as an indispensable protective function in the human body [1] . However, it notoriously commonly converts to disabling chronic conditions such as low back pain, fibromyalgia, or other complex pain syndromes [2, 3] . Although much remains to be studied in terms of the mechanisms of pain [1, 2] , the interconnections between the autonomic nervous system (ANS) and pain have long been recognized [4] . Being able to adjust autonomic functions such as heart rate (HR), the ANS contributes to maintaining physiological equilibrium under changing conditions. Importantly, the ANS also regulates and modulates the perception of pain [5, 6] .
Non-invasive methods for assessing cardiovascular autonomic function include measurements of vagally-mediated heart rate variability (HRV) and spontaneous baroreflex sensitivity (BRS), in which depressed vagal activity and augmented sympathetic activity suggest dysregulation [6] [7] [8] . Abnormal HRV and BRS parameters, indicating impaired cardiovascular autonomic function, seem to increase the risk of sudden cardiac death [7] [8] [9] [10] [11] . Together with various lifestyle-related factors and medical conditions [12] [13] [14] [15] [16] [17] , chronic pain has been associated with abnormal ANS function [6, 18] , although there are also contradictory findings [19] . These considerations establish the need for further data on the relationship between pain characteristics and ANS function, not solely in patients with severe pain conditions but also from a wider perspective, including the general population with multiple pains. Potentially, this knowledge could be exploited to develop feasible tools for objectively quantifying the individual pain experience, to enhance health care resource allocation and ultimately, to improve pain treatment.
In this study we investigated the association between musculoskeletal pains and cardiovascular autonomic function in a large unselected sample of Northern Finns. At the age of 46, the participants self-reported the location, frequency and intensity of their pains with the aid of a questionnaire, and attended recordings of HRV and BRS, allowing the analysis of cardiovascular autonomic function. Based on previous findings regarding individuals suffering from chronic pain [6, 18] , we hypothesized that an increasing number of pain sites (NPS) and increasing pain intensity would be associated with cardiovascular autonomic dysregulation in our general population sample.
Methods

Initiation and progression of the cohort study
We used a large middle-aged sample from the prospective, population-based Northern Finland Birth Cohort 1966 (NFBC1966) as our study population. The cohort was initiated in [1965] [1966] , when pregnant women who lived in the Northern Finnish provinces of Oulu and Lapland and had expected dates of delivery in the year 1966 (Jan 1 to Dec 31) were recruited into the cohort [20] . The cohort base initially covered up to 96% of births in the area (12,068 mothers and 12,231 children). The main data collections have been arranged when the cohort members (i.e., those born into the cohort) have been 1, 14, 31, and 46 years old. Data have been collected through postal questionnaires and clinical examinations. Figure 1 presents the progression of NFBC1966.
In 2012-2014, when the cohort members were 46 years old, postal questionnaires were sent to all those eligible (i.e., those alive with known contact details; n = 10,321), the response rate being 66% (n = 6825). Subsequently, those who were living in Finland were invited to participate in clinical examinations at laboratory units which were set up across the country by the NFBC project, with the attendance rate of 57% (n = 5861). The postal questionnaires included a pain survey, and the clinical examination included recordings of cardiovascular autonomic function, as specified below. Those who attended the clinical examinations in the Oulu laboratory unit were assessed for both HRV and BRS, whereas those attending the examination at laboratories outside Oulu were assessed for HRV only. From those who had attended the clinical examination at the 46-year follow-up, we excluded 1675 individuals due to missing data in the HRV analyses, and 3830 individuals due to missing data in the BRS analyses. The sample sizes and origins of the data are specified in Fig. 1 .
Assessment of musculoskeletal pains at age 46
Musculoskeletal pains were self-reported via a questionnaire that elicited the individual's previous history of pain symptoms by the question: 'Have you had any aches or pains in the following areas of your body within the last 12 months (yes/no)? 1) neck, 2) shoulders, 3) arms/ elbows 4) wrists/hands 5) low back, 6) hips 7) knees, 8) ankles/feet'. The question was accompanied with an illustration defining these anatomical areas. Each positive response was followed by a subsequent question: 'How often have you had aches or pains in this area during the last 12 months? 1) On 1-7 days, 2) On 8-30 days, 3) On more than 30 days but not daily, 4) Daily'. In addition, the participant was asked to estimate the overall intensity of their pains using a Numerical Rating Scale (NRS) from 0 (defined as 'no pain') to 10 (defined as 'extremely severe pain').
Based on the pain location data, we created a variable representing the number of anatomical sites at which the individual had experienced pain during the previous 12 months (NPS, 0-8). NPS is a widely used measure of musculoskeletal pain [21] that has been associated with, e.g., overall health and sleep quality in the general population [22] . In addition to the full study population, we were also interested in two subgroups: those with at least moderately intense and frequent pain (corresponding to an intensity of ≥5 on NRS [23, 24] and frequency of > 30 days/year), i.e., Subsample 1 and corresponding Subanalysis 1; and those with pain-related clinically relevant symptoms of depression and anxiety (corresponding to Hopkins Symptom Checklist-25 (HSCL-25) total mean score of ≥1.55 [25, 26] ), i.e., Subsample 2 and corresponding Subanalysis 2 ( Fig. 1) . Subanalysis 3 evaluated the association between overall pain intensity (according to NRS) and autonomic function among the full study population.
Assessment of cardiovascular autonomic function at age 46
We assessed cardiovascular autonomic function by means of HRV and BRS parameters at the 46-year clinical examinations. The detailed methodology behind the acquisition, inspection and processing of the cardiovascular ANS data is provided in earlier publications [15] [16] [17] which also introduced the HRV and BRS variables used here. For the assessment of HRV, we used an HR monitor (RS800CX, Polar Electro Oy, Kempele, Finland) to record R-R intervals (RRi) to an accuracy of 1 ms. For the assessment of BRS, we recorded standard lead-II electrocardiograms (ECG; Cardiolife, Nihon Kohden, Tokyo, Japan) together with ventilation rate (VR; nasal temperature probe MLT415/D by ADInstruments, Bella Vista, New South Wales, Australia) and blood pressure (BP; finger plethysmography by Nexfin, BMEYE Medical Systems, Amsterdam, the Netherlands), with a 1000 Hz sampling frequency (PowerLab 8/35, ADInstruments). At the measurement laboratory, we first ensured that the participant was correctly positioned (sitting position) and that the measurement devices were properly adjusted. We then allowed one minute for the participant's HR to stabilize, after which we obtained a three-minute recording of data in a sitting position. Then, the participant stood up and remained standing for another three minutes while we recorded the data a second time. We analyzed the first 150 s of sitting data and the last 150 s of standing data. For the analysis of HRV, we processed the RRi data by visual inspection (Hearts 1.2, University of Oulu, Oulu, Finland), replaced short artefacts and ectopic beats with the local average, and deleted longer sequences of noise or ectopy (≥ 10 consecutive defective beats). Recordings containing ≥80% of adequate data were accepted for further processing. Eligible HRV data in both sitting and standing positions were available for 5473 individuals (96% of those 5679 who attended the recording). From the eligible HRV data we calculated mean HR (bpm) and the root mean square of successive differences in RRi (rMSSD, ms), which represent cardiac vagal modulation [27] .
For the analysis of BRS, we used custom-made software (Biosignal Processing Team, University of Oulu, Oulu, Finland) to process the ECG, BP and VR data. From the continuous ECG and BP recordings, we extracted systolic blood pressure (SBP) and RRi values, respectively. We replaced artefacts and ectopic beats using linear interpolation and then resampled at 2 Hz. Recordings with < 5% of defective data were accepted for further processing. We used the Savitzky-Golay method to delete very low frequency components (< 0. ) for the subsequent analysis of BRS by the alpha method, after ensuring a coherence of ≥0.5 between the low frequency oscillations in RRi and SBP [28] . Eligible BRS data in both sitting and standing positions were available for 2641 and 2617 individuals (97 and 96% of the 2726 who attended the recording), respectively. Low frequency SBP variability (SBPV, mmHg 2 ), an estimate of peripheral sympathetic regulation [29] , and cross-spectral BRS (ms/mmHg) are principal variables representing ANS function obtained by this protocol.
Confounders
We assessed the participants' body mass index (BMI) [17] , leisure-time physical activity (LTPA) [15, 17] , smoking [30] , and symptoms of depression and anxiety [31] as potential confounders, together with comorbidities and medications influencing ANS function. BMI (kg/m 2 ) was calculated on the basis of systematic height and weight measurements, which were obtained in the 46-year clinical examination. The frequency of LTPA was elicited in the 46-year questionnaires by asking: 'How often do you participate in brisk physical activity (defined as causing at least some sweating and getting out of breath) during your leisure-time? 1) daily, 2) 4-6 times a week, 3) 2-3 times a week, 4) once a week, 5) 2-3 times a month, 6) once a month or less often'. We combined the first two and last two categories due to small group sizes. Lifetime smoking history was elicited in the 46-year questionnaire by the questions: 'Have you ever smoked cigarettes (yes/no)?' and 'Do you currently smoke (yes/no)?' As previously described [32] , we created three categories according to the responses: non-smoker, former smoker and current smoker. Symptoms of depression and anxiety were assessed in the 46-year questionnaire using the acknowledged HSCL-25 tool [33, 34] . We used the total HSCL-25 mean score in the analysis. The participants were also asked to report all their medications, dietary supplements, and diseases diagnosed by a physician in the 46-year questionnaire. The routine use of antihypertensives and/or painkillers was regarded as confounding medication, while confounding comorbidities included diabetes mellitus, cardiovascular diseases and fibromyalgia. Data on diabetes mellitus were based not only on self-reports but also on a two-hour oral glucose tolerance test and the measurement of glycated hemoglobin in the 46-year follow-up, as described in our previous publication [16] . Age was not assessed as a confounder because the sample was coeval.
Statistical analysis
We explored the characteristics of the sample by calculating the frequencies and percentages of the categorical variables, means and standard deviations (SD) of continuous variables with normal distributions, and the medians and interquartile ranges (IQR) of continuous variables with skewed distributions. NPS distribution was illustrated using histograms. We calculated the correlation between NPS and overall pain intensity using Spearman's Rho (R).
We analyzed the association between musculoskeletal pain and cardiovascular autonomic parameters using linear regression models. The autonomic parameters served as independent outcomes, for which all models were run. The parameters which had skewed distributions were natural logarithm-transformed to Gaussian, as specified in Additional file 1. NPS was the primary predictor in all models except for Subanalysis 3 in which pain intensity (NRS) was used instead of NPS. Four sex-stratified models were run for each outcome: Model I (crude); Model II (adjusted for lifestyle); Model III (adjusted for comorbidities); and Model IV (adjusted for lifestyle and comorbidities). The variables used in the models are specified in the Results section; we have also summarized the outcomes, explanatory variables, variable coding, and regression models in Additional files 1, 2 and 3. Beta coefficients (β) of the predictors were collected with their 95% confidence intervals (CI). In addition to the Primary Analysis, we ran three subanalyses; the full sample and subsamples have been specified in the earlier part of the Methods section and in Fig. 1 , and the subanalyses are further introduced in the Results section.
In addition to continuous modeling, the NPS data were also assessed using various categorizations (0,1,2,3,4,5,6,7,8; 0,1,2−3,4−5,6-8; 0,1−2,3−5,6-8) in order to rule out potential non-linear relationship patterns in the data and thus justify the linear modeling of NPS. The need for sex stratification was explored by running all models with pooled sexes and including the sex*NPS (or sex*NRS) interaction term in the models. The need for sex stratification was evaluated on the basis of the statistical significance of the interaction terms, taking into account the large sample size which would allow stratification without critically reducing the statistical power of the analyses.
The data were analyzed using SPSS version 25 (IBM, Armonk, NY, USA). P values of ≤ 0.05 were considered statistically significant.
Ethical considerations
The study protocol followed the Declaration of Helsinki and was approved by the Ethical Committee of the Northern Ostrobothnia Hospital District in accordance with the Declaration of the World Medical Association. Each participant granted their written informed consent.
Results
The study sample consisted of 1813 men and 2373 women, whose detailed characteristics are presented in Table 1 . The median NPS was 3 (interquartile range 2-5) among men and 4 (2-5) among women. Figure 2 presents the distribution of NPS among the sample, together with the mean reported intensity of pain in each NPS category. The overall intensity of pain (NRS) correlated positively with NPS (R = 0.382 among men and 0.430 among women, p < 0.001).
Non-linear relationships between NPS and cardiovascular autonomic parameters were not detected. However, the pooled-sex analyses showed statistically significant sex*NPS and sex*NRS interactions (p < 0.05, data not shown), and all models were consequently stratified by sex. The regression coefficients for the associations between NPS and cardiovascular autonomic parameters (i.e., HR, rMSSD, SBPV, BRS) are presented in Table 2 (Primary Analysis), Table 3 (Subanalysis 1), and Table 4 (Subanalysis 2). Correspondingly, the regression coefficients for the associations between pain intensity (NRS) and autonomic parameters are shown in Table 5 (Subanalysis 3). For clarity, we only provide the regression coefficients of the primary predictors (i.e., NPS/ NRS) in the main manuscript and present the full models in Additional files 4, 5, 6, 7, 8, 9, 10 and 11.
Among women, NPS showed several statistically significant associations with cardiovascular autonomic Median (interquartile range) ANS Autonomic nervous system, BMI Body mass index, BRS Baroreflex sensitivity, HR Heart rate, HRV Heart rate variability, HSCL-25 Hopkins Symptom Checklist-25, LTPA Leisure-time physical activity, NPS Number of pain sites, NRS Numerical rating scale, rMSSD root mean square of the successive differences in R-R intervals, SBPV Systolic blood pressure variability parameters in the crude and partially adjusted models of the Primary Analysis, Subanalysis 1 and Subanalysis 2, but these associations were mostly attenuated by adjustments (Tables 2-4) . Only in the Primary Analysis was one outcome (i.e., BRS, standing) consistently associated with NPS after full adjustments (β = − 0.015, p = 0.048). In Subanalysis 3, pain intensity showed several statistically significant crude associations with the autonomic parameters, but all of these became non-significant after full adjustments (Table 5) .
Among men, some statistically significant associations between NPS and autonomic parameters were obtained from Subanalysis 1 and Subanalysis 2 (Tables 2-4), but only in Subanalysis 1 were two outcomes (i.e., HR, seated and standing) associated with NPS after full adjustments (HR, seated: β = − 0.902, p = 0.003; HR, standing: β = − 0.843, p = 0.014). In Subanalysis 3, pain intensity showed several statistically significant associations with the autonomic parameters in the crude and lifestyle-adjusted models but not after full adjustments (Table 5) .
Generally, lifestyle variables (i.e., BMI, LTPA and smoking) and other covariates (i.e., HSCL-25, comorbidity, medication) showed stronger and more consistent associations with cardiovascular autonomic parameters than NPS or pain intensity among both sexes (Additional files 4, 5, 6, 7, 8, 9, 10 and 11).
Discussion
The present study was a cross-sectional birth cohort study that assessed the association between musculoskeletal pains (in terms of NPS and NRS) and cardiovascular autonomic function (in terms of HR, rMSSD, SBPV, and BRS) in a large unselected sample of Northern Finns. The analyses showed some associations between NPS, pain intensity, and altered cardiovascular autonomic function, but these associations were mostly attenuated by adjustments. Thus, the results of the present study suggest that musculoskeletal pain has, at most, a limited independent association with cardiovascular autonomic function among the general Northern Finnish population.
Previous studies have investigated several groups of patients suffering from, e.g., low back pain [35, 36] and chronic pain syndromes [37] , but surprisingly few large studies [18, 19] have addressed the general population with multiple pains. Importantly, results derived from large unselected samples should be of great relevance due to the high prevalence of musculoskeletal pains in Fig. 2 Distribution of NPS among men and women, and mean intensity of pain in NPS categories. NPS Number of pain sites, NRS Numerical Rating Scale (0-10) the general population [38] and the subsequent economic burden on health care systems and societies [39] . Improved pain quantification methods would enhance resource allocation if they were applicable to a wide population base. As such, the present study aimed to explore the association between musculoskeletal pains and cardiovascular autonomic parameters in a large general population sample of Northern Finns.
In our data, some of the crude and partially adjusted models showed increasing NPS and pain intensity to be significantly associated with higher HR, lower rMSSD, and lower BRS, all of which point towards impaired cardiovascular autonomic function with increasing NPS and pain intensity. These findings were varyingly obtained from both sexes, such that the association between NPS and autonomic function was somewhat more consistent among women and the association between pain intensity and autonomic function among men. However, after full adjustment for lifestyle factors (BMI, LTPA, smoking) and comorbidities (HSCL-25, somatic comorbidity, medication), the associations were mostly attenuated, with only a few exceptions. The pooled-sex analyses showed significant sex*pain interactions to be related to the cardiovascular autonomic parameters.
The present results suggest that NPS is not independently associated with cardiovascular autonomic function among the general middle-aged Northern Finnish population (Primary Analysis), not even when the pain is intense and frequent (intensity ≥5 on NRS and frequency > 30 days/year; Subanalysis 1), or when it is associated with clinically relevant symptoms of depression and anxiety (HSCL-25 score ≥ 1.55; Subanalysis 2). Similarly, the overall intensity of musculoskeletal pain seems to lack an independent association with cardiovascular autonomic function in this study population. Thus, the present findings evoke two principal research questions for future studies. First, given that the confounder variables attenuated the crude associations of NPS and pain intensity with cardiovascular autonomic parameters, and also showed more systematic associations with the outcomes than NPS or pain intensity did, the question arises whether these factors may mediate the association between pain and cardiovascular autonomic function. For example, obesity and physical activity have both been associated with experiencing pain [40, 41] and ANS function [17, 42] , and were systematically associated with the autonomic parameters in the present data. Due to the limitations of our study setting, future studies should aim to investigate the potential causal relationships between pain and ANS function, together with an in-depth characterization of potential mediators. Second, our results regarding sex*pain interactions suggest that the association between pain and cardiovascular autonomic function differs according to sex. This finding has also been reported in an earlier study [43] , but further investigations of other datasets are needed to confirm it. In the meantime, it seems advisable to carefully assess and account for potential sex*pain interactions in future studies. Two previous studies have investigated the association between pain and ANS parameters in large population-based (or partially population-based) samples. In a recent Norwegian study [18] , 1143 individuals who suffered clinically meaningful chronic pain were compared to 5640 controls without pain in terms of several HRV and BRS parameters. After adjustment for age, sex and BMI, chronic pain was associated with reduced HRV and BRS, indicating impaired cardiovascular autonomic function. In addition to the differences between the pain variables (clinically meaningful chronic pain vs. calculation of NPS) and the modeling technique (case-control vs. continuous modeling of pain sites), also the adjustments of the Norwegian study and the present study varied considerably (age, sex, BMI vs. sex-stratification, BMI, LTPA, smoking, HSCL-25, comorbidity, medication). In the present regression models, most confounders showed clear associations with the autonomic parameters and were thus seen as relevant covariates. Similar findings regarding covariates were also reported in the Norwegian study, although it assessed fewer covariates than the present study. The present data also manifested significant sex*pain interactions which, interestingly, were tested for but not detected in the Norwegian data. It remains In contrast to the Norwegian study, a Dutch study [19] found evidence for the association between widespread chronic pain and ANS dysregulation in their partially population-based sample, which consisted of both healthy individuals and patients with depressive and anxiety disorders (731 individuals reporting chronic widespread pain and 843 controls without pain). Notably, the assessed confounders were extensive (age, sex, education, alcohol use, BMI, smoking, medications, somatic and psychiatric comorbidities, physical activity, insomnia). Similar to the present study, the Dutch study detected several significant associations between pain and the ANS variables in the crude models, but not after controlling for the confounders. The authors stated that previous studies have been potentially hampered by insufficient control of potential confounders, small sample sizes and the use of patient samples instead of population-based approaches. Prospective, longitudinal studies utilizing large representative samples are needed to further address these considerations.
The main strength of the present study is its large general population sample with extensive data on pain, lifestyle and health, allowing the assessment of NPS, pain intensity, and cardiovascular autonomic function, while accounting for numerous confounding factors. In comparison with patient samples, the population-based setting of the present study increased the generalizability of its results. Furthermore, the present study was designed to address musculoskeletal pains at several anatomical locations instead of focusing on a certain pain site, indicating that the present approach was comprehensive, and took into account the possible widespread nature of pain. The present study was also able to assess several cardiovascular autonomic parameters, addressing both HRV and BRS.
A major limitation of this study is its cross-sectional setting. The outcomes (i.e., cardiovascular autonomic NPS Number of pain sites, P P value for β, rMSSD Root mean square of successive differences in R-R intervals, SBPV Systolic blood pressure variability, β Beta coefficient parameters) and primary predictors (i.e., NPS/NRS) were only recorded at the most recent follow-up of the cohort study, i.e., at the age of 46. Despite the large, well-characterized sample, the lack of longitudinal data on pain may have reduced the strength of the variable and may thus partially explain the lack of consistent association between pain and cardiovascular autonomic function. The pain data may also be limited because the pain survey enquired musculoskeletal pains over a period of 12 months. This may have increased the likelihood of recall bias, and also decreased the temporal accordance between the exposure (i.e., pain) and outcome (i.e., cardiovascular autonomic function). Unfortunately, the study subjects' musculoskeletal pain status was not enquired on the clinical examination day when the autonomic parameters were obtained due to NFBC1966's data collection protocol. However, it is notable that many crude models demonstrated clear associations between NPS, pain intensity, and cardiovascular autonomic parameters, and these associations were only attenuated after adjustments. As such, these findings suggest that the lack of association is primarily explained by the presence of confounding factors and not by the limitations of the pain data themselves. In the calculation of NPS, each anatomical location was weighted equally due to the lack of more accurate calculation protocols. However, NPS is a widely used measure of musculoskeletal pain [21] and has been associated with, e.g., overall health and sleep quality in the general population [22] . The linear relationship between NPS and cardiovascular autonomic parameters was only assumed after no other relationship patterns were detected. With regard to the outcomes, we acknowledge that our ANS parameters were indicators of ANS-based cardiovascular function, as opposed to other aspects of ANS function. Thus, the present conclusions primarily concern cardiovascular autonomic function, leaving the more peripheral ANS to be explored in future studies.
Conclusions
This cross-sectional population-based study of Northern Finns found some evidence of a relationship between 
